Introduction
In 1910, Gräfenberg wrote that ideas about relations between the human ovum and ovum bed [Eibett] had undergone a dramatic change during the previous decade. The ovum was no longer viewed as a passive object around which maternal tissues spread a protective cover. Far from being a helpless germ in need of protection, the ovum was a cheeky intruder [ein frecher Eindringling] that eats its way deep into the uterine mucosa. A popular comparison had been of the villi sinking into the endometrium as the roots of a tree sink into the earth, but Gräfenberg saw a hint of antagonism between the roots of the ovum and the surrounding soil. In his opinion, various structural and enzymatic features of the decidua were defensive reactions against the destructive ovum [1] . (I have translated the German Ei (egg) as ovum, the term used in the contemporary English literature. We would now call the 'ovum' an embryo. ) Grosser took a contrary view. Gräfenberg should not have taken Roux's 'struggle of parts within the organism' quite so literally. The primary function of the decidua was obvious; to act as a fertile soil [Nährboden] for supporting growth of the ovum. Toward this end, trophoblast and decidua formed an effective mutually coordinated, or better preservational, system in which one partner could not attack the other, nor the other defend itself, in opposition to what was imperative for the survival of the species [2: 289-290] . (Nährboden can be translated as fertile soil or as culture medium.)
My subject is the tension between hostile and amicable accounts of maternal-embryo relations; between a cooperative view, in which mother and embryo engage in mutual action in pursuit of common goals, and a conflictual view, in which mother and embryo have antagonistic goals and act at crosspurposes. This chapter has three parts. In the first part, I present a partial history of ideas about the maternal-fetal boundary of the gravid human uterus. It is a partial history in the dual sense of not complete and not impartial. A complete history would require a book-length exposition and fluency in multiple European languages but, in the space allotted, I can achieve no more than a sketch. My time span is from the late eighteenth century to the period between the World Wars. My exposition is not impartial because I discuss an idiosyncratic set of papers that appeal to me because of the images and metaphors employed to describe maternal-fetal relations. In the second part, I discuss the modern theoretical understanding of parent-offspring relations and how this predicts a complex interplay of cooperation and conflict. In the final part, I consider how this interplay is expressed in relations between the endometrium and early human embryos.
Mixed metaphors: historical interpretations of the maternal-fetal interface
Fundamental progress in understanding the maternal-fetal interface occurred in the brief 5-year period from 1895 to 1899. Before this period, there was considerable confusion about which cell types were fetal and which were maternal. Strange theories, from a modern perspective, were expounded (e.g. the chorion was a maternal tissue deposited around the ovum as it traversed the Fallopian tube, analogous to the white of a hen egg [3] ). After this period, descriptions of the maternal-fetal interface are readily intelligible to a modern reader, although many details still remained to be elucidated. My account will race through the nineteenth century, outline the discoveries that caused this change in perspective, and then discuss early reactions to the realization that human embryos 'invaded' maternal tissues.
About the month of May 1754, John Hunter was called in to examine the uterus, with placenta in situ, of a woman who had died undelivered at full term. A colleague had previously injected red wax into the uterine arteries and yellow wax into the uterine veins. 'Upon cutting into the placenta [Hunter] discovered in many places of its substance, yellow injection; in others red, and in many others these two colours intermixed. This substance of the placenta, now filled with injection, had nothing of the vascular appearance, nor that of extravasation, but had a regularity in its form which showed it to be a natural cellular structure, fitted to be a reservoir for blood' [4] . ('Cellular structure' refers to the cavernous spaces of the placenta; beware of changes in meaning!)
The fetus, by contrast, had: 'a communication with the placenta of another kind. The arteries from the foetus pass out to a considerable length, under the name of the umbilical chord, and when they arrive at the placenta, ramify upon its surface, sending into its substance branches which pass through it, and divide into smaller and smaller, till at last they terminate in veins; these uniting, become larger and larger, and end in one, which at last terminates in the proper circulation of the foetus' [4] .
Thus, Hunter had arrived at an essentially correct view of the maternal and fetal circulations in the term placenta: maternal blood passed out of the mother's circulation into the spongy substance of the placentaa structure Hunter viewed as of solely fetal originbefore returning to the general maternal circulation. At no time was there admixture of maternal and fetal blood. Much of the nineteenth century involved controversy between Hunterians who accepted this view of placental blood flow and non-Hunterians who believed that maternal blood did not enter the placenta and that the Hunterian theory was based on experimental artifacts [5, 6] . By the end of the century, the Hunterian view was predominant.
The precise nature of the covering of the tufts (villi) that projected into the cellular structure of the placenta was also controversial. Reid proposed an influential, but incorrect, resolution of this problem: 'when the blood of the mother flows into the placenta through the curling arteries of the uterus, it passes into a large sac formed by the inner coat of the vascular system of the mother, which is intersected in many thousands of different directions, by the placental tufts projecting into it like fringes, and pushing its thin wall before them in the form of sheaths, which closely envelope both the trunk and each individual branch composing these tufts. From this sac the maternal blood is returned by the utero-placental veins without having been extravasated, or without having left her own system of vessels' [7] .
By the 1880s, advances in microscopical techniques had enabled a more accurate view of the villous sheath. Villi were now seen as covered by two layers: an outer syncytial layer and an inner cellular layer (Langhans' cells) adjacent to the mesenchymal core of the villus. There was great confusion, however, about the nature and origin of these layers (a review of the many hypotheses is beyond the scope of this chapter). Marchand made a crucial advance in 1895 when he recognized that 'decidual' tumors (choriocarcinomas of modern parlance) were composed of the same cellular elements as the villous sheath. At first, Marchand interpreted the sheath as a symbiosis between the syncytium, derived from the uterine (or tubal) epithelium, and ectodermal cells of fetal origin, but he soon recognized that both layers were fetal [8, 9] . He now suggested that chorionepithelioma was the most appropriate name for these tumors.
In June 1897, Hubert Peters presented a very early human embryo at the Congress of the German Gynecological Society in Leipzig. This embryo had been found at autopsy of a young woman who had killed herself 3 days after a missed menstrual period. Peters' subsequent monograph described the embryo in detail, together with observations of the Umlagerungszone, a confusing region in which maternal and fetal cells were jumbled together amidst cellular debris. Peters' preparations made clear that the embryo had sunk into, and embedded itself within, the uterine mucosa (previous hypotheses had viewed the decidua as growing up and enveloping the embryo) and that the syncytium was of fetal origin [10] . (The original meaning of Umlagerungszone seems to have been a zone of transformation, see discussion by Grosser who preferred instead Durchdringungszone (penetration-zone) [2; 306-307] .)
Prior to the late 1890s, the human embryo was not generally perceived as invading maternal tissues. The concept of trophoblastic invasion developed from an appreciation of the great destructive power of chorionepitheliomas; from the description of Peters' ovum embedded within the uterine mucosa; and from comparative studies of implantation in hedgehogs, rodents, and rabbits. After this change in outlook, the search for the maternal-fetal boundary shifted outward (to adopt the fetal perspective) from the lining of the chorionic villi into the Umlagerungszone. By the time that Teacher reviewed the literature on chorionepitheliomas in 1903, there was an emerging consensus that the syncytium was derived from fetal Langhans' cells and that the human embryo digested its way into the uterine lining (although some continued to defend older interpretations) [11] .
Once trophoblast was recognized as invading maternal tissues, it was a small step (taken by several authors) to view the process of implantation as a conflict between maternal and fetal tissues, with the decidua functioning as a protective bulwark against intrusion by trophoblast [12, 13, 14, 15, 16] . Polano wrote of an antagonism between maternal tissues and the motherforeign tissues of the child, and described the latter as establishing outposts in enemy territory (Vorposten in Feindesland) [14] . In an authoritative review, published in 1910, Grosser claimed that most authors saw the formation of the decidua as 'a provision against the too intensive penetration of the ovum into the mucous membrane', but himself favored the alternative hypothesis that decidual cells functioned as a store of nutrients for use by the embryo [17: 139-140 ].
Gräfenberg applied bacteriological methods to investigate the respective roles of ovum and decidua in nidation. He prepared homogenates from firsttrimester human placentas and showed that these contained a proteolytic activity that eroded proteincontaining culture media. This activity was absent in placental homogenates from the second half of pregnancy. The proteolytic activity, however, was attenuated when placental homogenates were mixed with decidual homogenates, especially those prepared from first-trimester decidua. Therefore, Gräfenberg concluded the decidua produced antitryptic ferments (protease inhibitors) to act as a defense against the tryptic ferments (proteases) of the chorion. He suggested that Nitabuch's fibrinoid provided additional resistance, both mechanical and biochemical, to penetration by trophoblast [1] . For Linzenmeier, the ferments and antiferments described by Gräfenberg were the weapons (Waffen) used by fetal and maternal cells in their struggle (Kampf) in the contact zone [18] .
On the eve of the conflagration that was to engulf Europe, Johnstone used eerily prescient language: 'The border zone . . . is not a sharp line, for it is in truth the fighting line where the conflict between the maternal cells and the invading trophoderm takes place, and it is strewn with such of the dead on both sides as have not already been carried off the field'. Despite these images, Johnstone concluded that the decidual reaction was 'in all probability indirectly but equally protective to the embryo, in that, by supporting and strengthening the maternal capillaries, it prevents a too sudden and too extensive opening up of the vessels. . . . The formation of the decidua is therefore to the mutual advantage of both mother and child' [19] . One could ascribe a defensive function to the decidua, employ militaristic metaphors, and yet view maternal-fetal relations as fundamentally harmonious.
Caffier extended Gräfenberg's experimental work on placental ferments after the Great War which provided him with a new metaphor for the maternal-fetal boundary: the fibrinoid layer of the border zone was a no man's land [Niemandsland] created by the reciprocal proteolytic actions of ovum and ovum bed. He suggested that abortion resulted from a preponderance of the proteolytic activity of the mother-soil [Mutterboden] whereas placenta accreta resulted from excess proteolytic activity of the embryo [20, 21] .
Kleine advanced similar views in his systematic pathology of the penetration zone, based on the modern perception that pregnancy was a biological struggle between maternal and fetal organisms. The decidua showed a defensive reaction against the attacks [Angriffe] of the trophoblast. Developmental abnormalities resulted from a mismatch between the aggressiveness of the fetal epithelium and the defensive powers of maternal tissues. Thus, overly strong defenses could result in an early abortion (by shutting off the embryo from the maternal blood supply) whereas weak defenses could result in the destructive infiltration of a chorionepithelioma. Kleine observed that a decidual reaction occurs exclusively in those mammals in which the trophoblast destroys the uterine mucosa, and interpreted this correlation as indirect evidence for antagonism between the decidua and trophoblast [22] .
Where some saw 'a ruthless attack and an equally vigorous defense' others saw 'a nicely worked out cooperation to produce a definite harmonious end' [23] . For Mossman, the idea that the decidua functioned as a defensive bulwark was 'quite unsubstantiated'. It seemed more logical 'to assume that decidual tissue develops as a glycogen-storing tissue . . . partly at least for the purpose of being invaded and absorbed by trophoblast, rather than to prevent such invasion.' [24: 168] . Here, Mossman referred to the principal hypothesis of those who viewed implantation as a cooperative process: decidual cells were provided by the mother as pabulum for nourishment of the embryo [25, 26] . Bonnet saw the migration of leukocytes to the maternal-fetal border and their subsequent disintegration as a mechanism whereby the mother transported nutrients to the embryo [25] . (By contrast, Frassi interpreted the leukocytes as a means of halting the parasitic penetration of the ovum [13] .)
None of the authors who described the maternalfetal boundary as a battleground offered wellarticulated reasons for why mother and offspring should be at war. Their use of military metaphors did not reflect strong theoretical preconceptions but was rather an attempt to make sense of what they saw through their microscopes. Undoubtedly, the images they chose to describe what they saw were shaped by the militaristic ethos of their age, but there were other strongly competing images of nurturing love of mothers for infants that could have been used if the histology had been different. After World War II, occasional descriptions can be found of the placental bed as a battleground or a no man's land but these passages lack the ferocity of the earlier period.
Evolutionary conflict in parent-offspring relations
Decidual reactions occur only in mammals with invasive placentation. This observation has been used to support different theories. McLaren interpreted the decidual reaction as evidence that the decidua functions as a barrier to trophoblast. 'If the decidual reaction were acting as a protective device, one would expect it to be more highly developed in those forms where mother and fetus are more intimately fused. The distribution of decidual development would thus seem to favor a protective rather than a nutritional role' [27] . But Robertson & Warner used the same correlation to make the opposite inference: 'There must be significance in the fact that only in hemochorial placentation is there development of a true decidua . . . It may therefore be concluded that decidua is essential for the success of hemochorial placentation and it seems illogical to regard it as an impediment to the invasiveness of trophoblast when invasiveness is a sine qua non' [28] . McLaren implicitly assumed a conflictual relationship -borders are fortified where the threat of invasion is greatest -whereas Robertson and Warner implicitly assumed a cooperative partnership. Such differences of interpretation cannot be resolved or reconciled without an explicit theory of how maternal-fetal relations evolve. No such theory existed until the work of Robert Trivers [29, 30] .
Trivers defined parental investment as 'any investment by the parent in an individual offspring that increases the offspring's chances of surviving (and hence reproductive success) at the cost of the parent's ability to invest in other offspring'. His definition was carefully worded. Parental investment provided a benefit (B) to the offspring at a cost (C) to the parent's fitness from other offspring. If a parental expenditure did not involve such a trade-off, then the expenditure did not qualify as investment [29] . He recognized that parental investment, defined this way, implied an evolutionary conflict between parents and offspring. From a parent's perspective, further investment was favored as long as B > C but, from an offspring's perspective, further investment was favored as long as B > rC, where r was a measure of the probability that the parent's other offspring carried a copy of a randomly chosen gene in the offspring. Trivers concluded that genes in offspring are selected to obtain more investment from parents than genes in parents are selected to supply (because r ≤ 0.5) [30] . I will attempt to give an intuitive idea of the interplay between cooperation and conflict in maternal-fetal relations with a simple graphical model that elides many theoretical complications.
Consider a plane with two axes (Figure 16 .1). One axis represents the effect of a new genetic variant on maternal residual fitness (ΔM, measured as changes in a mother's expected number of surviving offspring not including the fetus). The other axis represents the effect on fetal fitness (F, measured as changes in the fetus' probability of survival). The zero-point, where the axes cross, represents the evolutionary status quo. Points in the upper-right quadrant represent variants that enhance both fetal fitness and maternal residual fitness whereas points in the lower-left quadrant represent variants that reduce both measures. The other two quadrants represent variants that 'rebalance' maternal investment between the two asset classes. In the upper-left quadrant, maternal investment is shifted from the fetus to other offspring, whereas, in the lower-right quadrant, maternal investment is shifted from other offspring to the fetus. (In terms of Trivers' model negative values of ΔM correspond to a cost to the parent's fitness (C) whereas positive values of F correspond to a benefit to offspring fitness B.)
For genes expressed in mothers, natural selection favors changes that satisfy F + ΔM > 0 (shaded area of Fig. 16.1A ). By contrast, for genes expressed in a fetus, natural selection favors changes that satisfy F + rΔM > 0 (shaded area of Fig. 16.1B) . The zones of mutual and conflicting interests are visualized in Fig. 16 .1C (obtained by combining Fig. 16.1A and Fig. 16.1B) . The plane is divided into four regions. In region I, changes are favored independent of whether they are caused by a gene expressed in mothers or fetuses. In region II, changes are disfavored independent of where the gene is expressed. In region III, changes are favored if they are caused by a gene expressed in mothers but not if they are caused by a gene expressed in fetuses (and the reverse in region IV). Thus, regions I and II comprise the zone of maternal-fetal cooperation whereas regions III and IV comprise the zone of maternal-fetal conflict.
There are four points that I wish to make about the foregoing analysis. First, the evolution of maternalfetal relations is complex because a mother and her fetus share some genes, but not all. The genes that are unshared create the opportunity for conflict whereas the genes that are shared restrain the escalation of conflict. Second, there is broad overlap between the interests of maternal and fetal genes. Genetic variants that enhance fetal fitness and maternal residual fitness (upper-right quadrant) will be favored by natural selection regardless of whether they are expressed in the mother or the fetus. Similarly, genetic variants that diminish both fitness measures (lower-left quadrant) will be purged by natural selection regardless of where they are expressed. The interests of maternal and fetal genes may even coincide when a fetus benefits at the cost of other offspring or vice versa (regions I and II extend into the upper-left and lower-right quadrants; Fig. 16.1C ). Third, a successful genetic variant establishes a new status quo, around which new genetic variants are selected. Therefore, there will have been a mixture of 'cooperative' and 'antagonistic' gene substitutions in the evolution of any complex feature of maternal-fetal relations. There is no contradiction in the decidua having evolved both as a defensive barrier and as a nurturing environment for the young embryo. Fourth, much of the 'evolutionary action' may take place in the regions of conflict because fetal adaptations to acquire a little bit extra create the selective force for maternal adaptations to supply a little bit less, and so on ad infinitum. This may help to explain the rapid divergence of maternal-fetal relations among taxa, relative to the greater conservatism of physiological relations within individual organisms.
Implantation: a testing time 'If it is done then when tis done twer better it were done quickly.' -Macbeth
Trivers mentioned the possibility of prenatal conflict between mothers and offspring, but emphasized postnatal conflict [30] . In a series of papers, I have provided the first substantial attempt to apply the theory of parent-offspring conflict to understanding the details of maternal-fetal relations, and I have developed these ideas in a series of subsequent papers [31, 32, 33, 34, 35, 36, 37] . An interplay of cooperation and conflict should permeate all aspects of Figures A and B are compared. Maternal and fetal inclusive fitness both benefit in region I and both are reduced in region II. In region III, the mother benefits at the expense of the fetus. In region IV, the fetus benefits at the expense of the mother. These figures were drawn choosing r = 0.5 to maximize the area of mutual interest (regions I and II). The region of conflict (regions III and IV) expands for smaller r (i.e. lower relatedness among a mother's offspring).
maternal-fetal relations, but in the remainder of this chapter I will focus on interactions in the first few weeks after conception. Many human embryos abort early, often before a woman is aware she has conceived [38] . Moreover, frequent early losses have also been reported in other primates [39, 41] . Most maternal investment occurs after the first weeks of gestation. Therefore, an early loss can usually be quickly replaced with little cost to a mother's lifetime reproduction. By contrast, continuation of a pregnancy with the birth of a sickly infant can substantially depress a mother's fitness as the child consumes maternal time and resources that could otherwise have been invested in higher-quality sibs. For these reasons, primate mothers are expected to 'test' embryos before commitment of major resources and to be physiologically 'risk-averse' about which embryos are allowed to establish a sustained pregnancy [42, 43] . The maternal-embryo dialogue may resemble a job interview.
Earlier pregnancy losses have smaller costs for maternal fitness if resources can be redirected to other offspring (reproductive compensation). Natural selection favors the amelioration of deleterious effects in the absence of reproductive compensation but may favor their accentuation if resources can be reallocated. Maternal genes will benefit from the conversion of a small decrement in offspring fitness into a lethal difference if early death is associated with a sufficiently large increase in the fitness of other offspring. For these reasons, reproductive compensation is predicted to favor rigorous testing of early embryos and earlier expression of harmful effects [44, 45] .
If this were the whole story, one would expect embryonic screening to become ever more effective at increasing offspring quality. However, natural selection acting on genes expressed in embryos will tend to undermine the efficiency of screening because genes of lower-quality embryos have only a chance of their copies being present in higher-quality siblings. Such genes therefore must balance the certainty of a sure bet (investment in their own low-quality offspring) against the chance of a higher return (investment in a high-quality sib). For this reason, natural selection will favor embryos that create a more favorable impression at interview than reflects their true quality.
The complex relations between an examiner (mother) and an examinee (prospective offspring) cannot be pigeon-holed as purely cooperative or purely conflictual. An examiner's aim is to design tests that provide useful information about a candidate as cheaply as possible. The examinee wishes to pass. If the examinee is indeed of high quality, both parties benefit when this information is conveyed accurately, but, if the examinee is of poor quality, her best interest may be to dissemble. The challenge of test design is to ensure a tight correlation between attributes measured and qualities desired. Genes and pathways that are essential for cell survival are automatically, and reliably, tested at the earliest stages of development. But some functions are difficult to test: a mother cannot directly assess neural function in an embryo without neurons; poor visual acuity entails no disadvantage in the darkness of the womb [46; 247] .
Any task that an embryo is required to perform tests all genes that are essential for completion of the task. Thus, the necessity for a small embryo to produce large quantities of chorionic gonadotropin (CG) tests not only the genes that encode the hormone's α-and β-subunits (the latter of little importance in postnatal life) but also the efficient functioning of the machinery of transcription, translation, glycosylation, and cellular secretion. Placental production of a luteinizing hormone (LH), the future CG, may have originated as a form of cheating that allowed embryos to evade maternal mechanisms of pregnancy termination (i.-e. withdrawal of pituitary LH). But, the quantity of the placental hormone provided mothers with useable information about embryo quality and was incorporated into the testing procedure as a new requirement for embryos to exceed some threshold level of CG to block regression of the corpus luteum [31, 35] . Although the original targets of CG were presumably maternal LH receptors of the ovary, CG appears to have acquired additional functions during implantation [47] allowing earlier, less costly, rejection of a subset of embryos.
Examinations select for individuals who are good at passing tests, and discriminate against otherwise equivalent individuals with poorer test performance. For this reason, the correlation between test performance and offspring quality will tend to degrade over evolutionary time as genes that enhance test-taking ability spread through the population. Examiners must add additional tasks or adjust expectations to maintain the usefulness of the testing procedure. For example, the acquisition of extra copies of CG genes and the prolongation of the hormone's half-life [48] would have enhanced an embryo's test performance without changing the resulting offspring's competence on tasks that really matter. Mothers are predicted to have responded evolutionarily by increasing the threshold of CG required to maintain pregnancy.
Early human embryos embed themselves within the endometrial stroma (as do the embryos of other apes). By contrast, monkey blastocysts attach to the endometrial surface but remain located within the uterine cavity [49, 50] . Mossman considered the reasons for the evolution of interstitial implantation to be obscure. Platyrrhine and catarrhine monkeys develop perfectly adequate hemochorial placentae despite superficial implantation of their blastocysts. Therefore, interstitial implantation is not a sine qua non of hemochorial placentation [50; 152-154] . Embedded embryos experience an environment very different from that experienced by superficially attached embryos. It is an open question whether this novel environment created new opportunities for more thorough vetting of offspring.
A typical early pregnancy loss in ancestral primates probably took the form of an attached embryo being flushed out as the uterine lining was shed at the end of the estrous cycle. A superficially attached embryo would be eliminated by sloughing the outermost layer of the endometrium whereas a more deeply embedded embryo would survive. Therefore, interstitial implantation may have originated as an adaptation of embryos to evade this ancestral mechanism of pregnancy termination. Deeper shedding of the endometrium may then have evolved as a maternal countermeasure to re-establish effective testing. Thus, a history of facultative abortion, embryonic evasion of quality control, and maternal responses may help to explain the origin of interstitial implantation and copious menstruation.
The above scenario could be dismissed as no more than a just-so story, incapable of test, because it posits a unique series of unfossilizable events that occurred in an ancestral ape. However, some insight may be obtained from comparative studies of implantation, pregnancy loss, and menstruation in primates. The quantity of maternal tissue shed at menstruation varies markedly among monkeys and apes [51] . Does the depth of menstrual shedding correlate with the depth of implantation? How frequently is menstruation accompanied by an early pregnancy loss?
Schlusskoagulum
The evolutionary relations between a mother and a fetus are fundamentally similar to the relations between the same two genetic individuals after the birth of the fetus. Mothers care for and nurture their infants but do not accede to each and every demand [52] . And infants have evolved multiple stratagemsfrom charm to blackmail -for eliciting more maternal care. Maternal-fetal relations likewise involve an intricate admixture of cooperation and conflict. Prenatal relations do, however, differ in a couple of important respects from postnatal relations. In the earliest stages of pregnancy, there is little difference between the expected cost to a mother of raising the current embryo or trying again with another embryo. Therefore, mothers abandon early embryos much more readily than they would abandon a child. After an embryo is securely ensconced within the uterus, however, the offspring probably has far greater power to control the delivery of maternal investment than it has at any postnatal stage. The secretion of placental hormones and other factors into maternal blood allows the fetus to treat its mother's body as if it were a direct extension of the fetus's own soma.
